A pproximAtely 30% of patients with ruptured intracranial aneurysms causing subarachnoid hemorrhage (SAH) develop delayed cerebral ischemia (DCI) or delayed cerebral infarction. 6, 21, 24 These complications of SAH are recognized as the most important reasons for poor outcome; hence, considerable effort is devoted to monitoring and preventing their occurrence or mitigating their effect during hospital admission. 6, 21, 24 There is a growing realization that DCI and delayed cerebral infarction have a complex pathophysiology involving the interaction of multiple mechanisms that are the subject of intense research.
to better risk assessment for delayed complications after SAH.
Methods

Study Population
After receiving approval from the institutional review board of St. Michael's Hospital, Toronto, we selected studies from the Subarachnoid Hemorrhage International Trialists (SAHIT) data repository that used nimodipine as a standard treatment and reported DCI ("delayed cerebral ischemia" or "therapeutic hypertension" or "delayed ischemic neurological deficit") or cerebral infarction ("cerebral infarction"). The repository contains data of multiple clinical trials and observational prospective databases regarding aneurysmal SAH. Ten data sets were selected, including those of the British Aneurysm Nimodipine trial (BRANT); Clazosentan to Overcome Neurological Ischemia and Infarction Occurring After SAH (CONSCIOUS-1); University of Washington Database of Subarachnoid Treatment (D-SAT); Acute systemic erythropoietin therapy to reduce delayed ischemic deficits following aneurysmal subarachnoid hemorrhage and effects of acute treatment with statins on cerebral autoregulation in patients after aneurysmal subarachnoid hemorrhage trials (EPO_STATIN); Heinrich Heine University Concomitant Intraventricular Fibrinolysis and Low-Frequency Rotation After Severe Subarachnoid Hemorrhage Trial (HHU); Intraoperative Hypothermia for Aneurysm Surgery Trial (IHAST); Intravenous Magnesium Sulfate for Aneurysmal Subarachnoid Hemorrhage (IMASH) trial; International Subarachnoid Aneurysm Trial (ISAT); Kurashiki Central Hospital, Japan; and Columbia University Subarachnoid Hemorrhage Outcomes Project (SHOP). The objective and structure of the SAHIT database has been reported previously.
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Study Parameters
Based on the current knowledge about factors predicting DCI and cerebral infarction, the following variables were selected for analysis: sex, age, neurological status at admission (World Federation of Neurosurgical Societies [WFNS] grade 23 ), amount of subarachnoid blood seen on the initial CT scan (Fisher grade 7 ), smoking, diabetes mellitus, hyperglycemia, hydrocephalus, history of hypertension, location and size of aneurysm, and treatment modality (coiling or clipping). [3] [4] [5] 8, 14, 16, 20, 25 To study the effect of menopausal status on DCI and cerebral infarction, we created a dummy variable, "status," as a surrogate for menopausal status using age cutoff ≤ 55 years or > 55 years. This age cut point was based on previous studies. 1, 19 Therefore, 4 groups were analyzed: men ≤ 55 years, men > 55 years, women ≤ 55 years, and women > 55 years. The primary outcome of interest was DCI, and the secondary outcome was delayed cerebral infarction, as defined by each individual data set (Supplemental Table) .
Statistical Analysis
First, the data were examined descriptively, with categorical variables expressed as counts with percentages and continuous variables described as means with standard deviations. Binary logistic regression models were fitted to obtain the unadjusted odds ratios associated with the effect of sex in each study, and the resultant odds ratios were then pooled using a random-effects model. Betweenstudy heterogeneity was assessed using the I 2 statistic. Where the pooled unadjusted odds ratios were statistically significant, further adjusted analysis was performed to account for the effects of age, admission WFNS grade, and the fixed effect of study. We also performed multivariable logistic regression analysis to identify independent predictors of DCI and infarction. Statistical significance was set at p < 0.05. The analysis was performed using Stata software (version 13.1, StataCorp).
Results
A pooled cohort of 6713 patients was analyzed, 4406 (65%) of whom were women. The study cohort characteristics are shown in Table 1 . Women were on average older and had a higher incidence of a premorbid history of hypertension. The other variables were comparably distrib- : DCI = 0.0%, p = 0.53; infarct = 14.8%, p = 0.31). Table 2 shows the analysis of the effect of menopausal status on DCI and infarct. The median age of women who were ≤ 55 years was 45 years (interquartile range [IQR] 39-50 years); those > 55 years had a median age of 65 years (IQR 59-72 years). We found no difference in the risk of DCI when comparing women ≤ 55 years to their counterparts who were > 55 years (OR 0.87, 95% CI 0.74-1.02; p = 0.08). The risk of DCI was significantly lower in men who were ≤ 55 years and in those > 55 years, in comparison with women ≤ 55 years. No difference in DCI risk was found on comparing men ≤ 55 years to those > 55 years (p = 0.38). We did a sensitivity analysis using the age cut point of 50 years and found no difference in the risk of DCI between women who were younger than 50 years compared with those who were older than 50 years (p = 0.41). The risk of infarction did not differ statistically between the sexes when analyzed based on an age cut point of 55 years. 
Discussion
This study demonstrated a significantly higher risk of DCI in women than in men. Our finding is in consonance with the results of an aggregate-data meta-analysis by De Rooij et al. to identify predictors of DCI following aneurysmal SAH. 3 The risk difference of 29% in our study is comparable with the 30% estimated in their meta-analysis (OR 1.3, 95% CI 1.1-1.6). Taken together, the available evidence suggests that sex plays some role in the pathogenesis of DCI, although we are uncertain as to which factors mediate this effect. In our present study, the women were older and presented in poorer clinical condition compared with their male counterparts; however, these factors had only marginal impact on the magnitude of the effect of sex on DCI, suggesting little or no role for the primary brain injury in mediating the observed risk difference between men and women. Previous studies have reported sex-related differences in aneurysm morphology that could provide a mechanistic explanation for the higher likelihood of DCI in women than in men. 9 It has been shown that women tend to have a higher prevalence of internal carotid artery aneurysms and that men tend to have a higher prevalence of anterior cerebral artery aneurysms, including anterior communicating artery aneurysms. Lindekleiv et al., using computational fluid dynamic simulation, showed that women have much narrower vessel diameters and higher blood flow velocity that results in higher wall shear stress in the middle cerebral artery and internal carotid artery bifurcations. 15 Higher wall stress could induce endothelial injury and altered vascular reactivity leading to perfusion deficits and the development of ischemia.
Furthermore, we investigated a putative role for female hormonal status, considering evidence from prior studies suggesting that sex and age interact to influence the risk of SAH, probably acting through a sex-specific hormonal factor. 22 Menopause typically occurs between the ages of 50 and 59 years when estrogen levels begin to decrease. The higher prevalence of ruptured aneurysms in women compared with men is more pronounced in the postmenopausal period, probably because of loss of the protective effect of estrogen on vascular endothelium and smooth muscle integrity during this period. Estrogen regulates a number of inflammatory cascades and contributes to vascular wall integrity. 22 The dysregulation of these mechanisms has been implicated in the pathogenesis of DCI.
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We did not find an association between menopausal status and DCI risk in the present study. It is possible that the arbitrary age cut point we used was a crude and insensitive marker of menopausal status. A better approach would have been to directly measure estrogen levels. Furthermore, some studies have suggested that the mechanism by which estrogen influences aneurysm pathogenesis may be related to the fluctuation rather than the absolute deficiency in estrogen levels. 22 Although a significant relation of sex to cerebral infarction was seen in the pooled odds ratios, the statistical significance was lost after adjusting for other covariates in the analysis. This is in contrast to the relationship between sex and DCI, which remained significant in the multivariable analysis. Multiple mechanisms have been implicated to mediate the occurrence of cerebral infarction after SAH, ischemia being one among the many putative pathways. Cerebral infarction due to DCI is now thought to be a better prognostic factor for functional outcome than DCI alone. 6, 21, 24 Although a number of studies have identified predictors of DCI and cerebral infarction, our study is most likely one of the largest series. We demonstrated the impact of the primary injury and SAH clot burden in the pathogenesis of DCI and infarct formation after SAH. While the aneurysm size was the more relevant additional predictor for infarct formation, age and sex were more relevant additional predictors of DCI. Indeed, previous studies have identified multiple predictors, including those indicative of the severity of the primary injury and SAH clot burden, modifiable risk factors related to lifestyle habits, or the secondary complications of the aneurysm, including vasospasm, hydrocephalus requiring drainage, and elevated intracranial pressure. In the meta-analysis of de Rooij et al. involving 52 studies that evaluated 33 potential predictors of DCI, the most robust evidence was found for a history of cigarette smoking (pooled OR 1.2, 95% CI 1.1-1.4). 3 The other predictors identified included hyperglycemia, hydrocephalus, diabetes mellitus, and early systemic inflammatory response syndrome. In a recent study of 632 patients who were managed in a single center, predictors of early cerebral infarction were identified and included Hunt and Hess Grades IV and V (OR = 2.06, p = 0.008), Fisher Grades 3 and 4 (OR = 3.99, p = 0.014), sustained elevations of intracranial pressure > 20 mm Hg (OR 5.95, p < 0.0001), and early vasospasm on diagnostic angiography (OR 3.01, p = 0.008). 10 In a related paper, the authors reported a risk score for cerebral infarction (BEHAVIOR score) based on 7 independent predictors identified at multivariable analysis, including Fisher grade of SAH clot, patient age ≥ 55 years, Hunt and Hess grade, acute hydrocephalus requiring external CSF drainage, vasospasm on initial angiography, intracranial pressure greater than 20 mm Hg, and treatment of multiple aneurysms. 11 In addition, Kanamaru et al. recently published their post hoc analysis of predictors for cerebral infarction in 579 patients in the Prospective Registry of Subarachnoid Aneurysms Treatment (PRESAT). 13 The predictors were Fisher Grade 3 on admission, larger aneurysm dome size, ruptured posterior circulation aneurysms, premature aneurysm rupture during the clipping procedure, symptomatic vasospasm, and infection.
Because of missing data, we could not examine a number of the important factors identified in previous studies. This is especially true for cigarette smoking, as this was a strong predictor in the study of de Rooij et al. 3 Moreover, there were variations in the definition of variables, for example, vasospasm, which necessitated the exclusion. The selection of the outcome parameters DCI and delayed cerebral infarction was based on the definitions of the included studies, which could have caused heterogeneity. It is noteworthy that all trials included in the SAHIT data repository were investigating a treatment for DCI or delayed cerebral infarction. Some of these treatments did reduce DCI or delayed cerebral infarction, which could have biased the results of our study. Furthermore, we were not able to retrieve data on hormone replacement therapy, although this might have influenced the risk of DCI. In menopausal women, hormone replacement therapy appears to reduce the risk of aneurysmal SAH but is not associated with improvement in outcome. 18 Its relationship to DCI is unknown. Finally, the ratio of treatment modalities in our study is in favor of surgical clipping. The current ratio between clipping and coiling is more toward the latter, which is associated with less risk of DCI. 4, 5, 8 Theoretically, this increased use of coiling will lead to a lower incidence of DCI in current aneurysmal SAH populations, which might have an impact on the sex differences. Despite these limitations, our study has some strengths worth highlighting. This study is quite likely the largest series to study DCI and cerebral infarction after SAH. We also achieved a good case mix by the inclusion of prospective studies and databases from multiple regions, including Europe, Asia, Australia, and North America, which make the results of this study more generalizable than those of prior studies.
Conclusions
The present study indicated that female sex is associated with a higher risk of DCI, and thus sex may play a role in the pathogenesis of DCI but was not associated with menopausal status. Other sex-specific factors may be involved, and we could not fully rule out the influence of hormonal changes on DCI and infarct formation after SAH. The study has identified the predictors of DCI and cerebral infarction in a very large cohort reflecting experience from multiple institutions.
